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D = CST + E (1)
式(1)中，光谱矩阵 D和误差矩阵 E的维数为 NC × NS，浓度
矩阵 C 的维数为 NC × N，纯光谱 S
T 矩阵的维数为 N × NS。













(1)对原始光谱矩阵 Xmn(m 为行数，n 为列数)进行奇
异值分解，则根据式(2)计算协方差矩阵的特征值 λ 与特征
向量 Q;
X = UΣVT (2)
XTX = VΣUTUΣVT = VΣ2VT = VΣ2V －1 (3)


























(1)计算正向 f 列矩阵 Df(f = 2，3，…，n)以及反向 b


















NC × N槡 S (4)
图 1 蓝细菌流式荧光光谱分析方法算法流程图




C = D(ST)－1 (5)
(2)根据式(6)估计混合光谱 D^;
D^ = CST (6)
(3)根据式(7)计算混合光谱误差矩阵 E
E = D － D^ (7)
(4)若均方误差小于等于迭代阈值或者迭代次数大于设
定值 M，则判断 ST 为混合光谱的纯组分，C为组分浓度并结
束运算，否则继续运算;
(5)将得到的浓度矩阵 C代入式(8)中，返回步骤(1)。




生 1 000 个细胞的光谱数据 D。其中，纯组分光谱的波长范
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的仿真光谱及其处理结果。
为研究本方法对混合光谱解析的适用性，逐渐增加仿真
光谱中的纯组分数(6 种，10 种，12 种)。由于纯光谱并不都
满足 EFA的“先进先出”原则，所以需要选择合适的纯组分

















(a):三种组分 1 000 个仿真混合光谱图; (b):三种组分第 561 个细胞的荧光光谱对比图;
(c):三种组分的纯光谱对比图; (d):三种组分第 561 个细胞的组分浓度估计对比图
Fig. 2 Estimated results of the mixed spectra with three components
(a):Three components 1 000 cells simulated mix fluorescence spectra; (b):Comparison between the 561st cell fluorescence spectra and signal after pro-
cessed with three components; (c):Comparison between the simulated pure components and estimated ones from three components; (d):Comparison of
the 561st cell concentration estimation with three components
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图 3 六种组分混合光谱解析结果
(a):六种组分 1 000 个仿真混合光谱图; (b):六种组分第 561 个细胞的荧光光谱对比图;
(c):六种组分的纯光谱对比图; (d):六种组分第 561 个细胞的组分浓度估计对比图
Fig. 3 Estimated results of the mixed spectra with six components
(a):Six components 1 000 cells simulated mix fluorescence spectra; (b):Comparison between the 561st cell fluorescence spectra and signal after pro-
cessed with six components; (c):Comparison between the simulated pure components and estimated ones with six components; (d):Comparison of the
561st cell concentration estimation with six components
图 4 10 种组分混合光谱解析结果
(a):10 种组分 1 000 个仿真混合光谱图; (b):10 种组分第 561 个细胞的荧光光谱对比图;
(c):10 种组分的纯光谱对比图; (d):10 种组分第 561 个细胞的组分浓度估计
Fig. 4 Estimated result of the mixed spectra with ten components
(a):Ten components 1 000 cells simulated mix fluorescence spectra; (b):Comparison between the 561st cell fluorescence spectra and signal after pro-
cessed withten components; (c):Comparison between the simulated pure components and estimated ones with ten components; (d):Comparison of the
561st cellconcentration estimation with ten components
果如图 5(a)所示。根据目前的研究结果，已知蓝细菌




贡献率为 99. 96%，因此选择 6 种组分纯光谱来拟合混合荧
光光谱。在纯组分完全未知的前提下，得到如图 5(b)的纯组
分估计。图5(d)和(c)为第561个细胞的拟合光谱及其浓度
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表 1 不同数目纯组分估计结果的均方误差
Tabel 1 MSE of estimated results for different
numbers of components
Number of components MSE
3 1. 279 8
4 3. 408 9
6 5. 976 4
8 11. 039 3
10 32. 946 2
12 33. 237 8
估计。
在已知两种组分前提下，将图 5(b)中峰位置与 APC 和












图 5 蓝细菌WH7805 荧光光谱解析结果
(a):蓝细菌 WH7805 荧光光谱; (b):在组分完全未知情况下估计的纯组分光谱; (c):在组分完全未知情况下第 561 个蓝细菌的纯光谱组分
浓度; (d):在组分完全未知情况下第 561 个蓝细菌混合荧光光谱对比图; (e):在组分部分已知情况下估计的纯组分光谱; (f):在组分部分
已知情况下第 561 个蓝细菌的纯光谱组分浓度; (g):在组分部分已知情况下第 561 个蓝细菌混合荧光光谱对比图
Fig. 5 Estimated results of cyanobacteria WH7805 mixed spectra
(a):WH7805 cells mix fluorescence spectra; (b):The estimated result of pure components with components completely unknown; (c):Concentration
estimation of the 561st cell with components completely unknown; (d):Comparison between the 561st cell fluorescence spectra and estimated signal with
components completely unknown;(e):The estimated result of pure components with components partly known;(f):Concentration estimation of the 561st
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Abstract When flow cytometry is used to analyze the polychromatic fluorescence of cells，multiple fluorescence spectra were often ob-
tained，mixed with multicomponent fluorescence spectra． In this paper，the fluorescence spectra of cyanobacteria including many un-
known fluorescence spectra were detected by flow cytometer with serious spectral overlap． In order to extract the main components and
their concentrations from cyanobacteria spectra，a method of principal component analysis combined with multivariate curve resolution
was used to process the fluorescence spectra of cyanobacteria． At first，the number of main components of cyanobacteria was given by
principal component analysis，and then Evolving Factor Analysis was adopted to find the starting and end position of each component and
to estimate the initial spectrum of pure components，finally Alternating Least Square combined with the pure components spectral unimo-
dality and non-negativity was used to correct the initial estimation of pure components and concentrations． In the simulation and experi-
ment，it was proved that the method could accurately estimate the number of pure components in the mixed spectra and fit the spectral
peaks，and then accurately estimate the concentration of each component． This method can not only be applied in the spectral analysis of
cyanobacteria，but also used for other multiple spectral mixture analysis．
Keywords PCA;EFA;ALS;Cyanobacteria;Flow fluorescence spectrum
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